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Eﬃcient removal of crystal violet dye from aqueous solutions by vitreous tuﬀ mineral
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Textural, structural and morphological characteristics of the vitreous tuﬀ were determined by means of several physicochem-
ical techniques. The nitrogen adsorption isotherm at 77K was ﬁtted with the Brunnauer–Emmet–Teller model and together
with the results of the average pore distribution showed a mesoporous material. Samples of vitreous tuﬀ were used as adsor-
bent to study the removal of crystal violet from aqueous solution. The presence of -OH moieties in the material seems to
be responsible for the removal of the dye showing that vitreous tuﬀ can be used as an organic dye adsorbent material. The
pseudo-second-order model was the best ﬁt model for describing the sorption process of crystal violet; intraparticle diﬀusion
being the controlling step in the process. The experimental adsorption isotherm was ﬁtted with Langmuir, Freundlich and
Langmuir–Freundlich models, showing better correlation with the second one. The adsorption capacity was 170.01mg/g,
being among the highest compared with other inorganic and organic common sorbent materials. The design of single stage of
the adsorber can predict the behaviour to potential scale up. This mineral has a very good potential as an adsorbent material
for organic dyes.
Keywords: crystal violet; tuﬀ; adsorption; water contamination; adsorbent material
1. Introduction
The textile industry is characterized by using complex
and toxic organics compounds in its production processes,
which then become waste and end up in the industrial
wastewaters. It has been estimated that about 10,000
of diﬀerent commercial dyes and pigments exist; over
7 × 105 − 1 × 106 ton are produced annually worldwide,
and approximately 10–15% is lost in the eﬄuent during
the dyeing processes.[1] The discharge of waste, where
these contaminants are present, deteriorates water qual-
ity since water acquires colouration blocking light and
inhibiting the photosynthesis process occurring in aquatic
environments.[2]
Crystal violet is widely used for dyeing in the tex-
tile industry, application in the manufacture of paints and
printing inks, it is used as a biological stain and it is the
active ingredient in Gram’s stain, veterinary medicine, and
it is also employed as a bacteriostatic and dermatological
agent in humans.[3] In addition, it is used as an additive
to poultry feed to inhibit propagation of mould, intestinal
parasites and fungus. The dye is responsible for causing
moderate eye irritation, causing painful sensibility to light.
It is highly toxic to mammalian cells and, if absorbed in
∗Corresponding author. Email: acolinc@uaemex.mx
harmful amounts through the skin, it can cause skin irrita-
tion and digestive tract irritation. In extreme cases it may
also lead to respiratory and kidney failures, it is carcino-
genic and it has been classiﬁed as a recalcitrant molecule
since it is poorly metabolized by microbes.[4] Due to the
structural complexity of the coloured compounds and their
solubility in water, the degradation process is very diﬃ-
cult. Many alternative chemical and physical methods, such
as coagulation/ﬂocculation and ultrasonic treatment, have
been employed, but most of these treatments are limited
due to high operation costs, and the need for specialized
equipment.[5]
Adsorption is an alternative process, with great per-
spective, for treatment of wastewater containing dyes and
activated carbon is typically used; however, it is too expen-
sive and requires regeneration which limits the usefulness
of this method. Nowadays, it is important to ﬁnd new low-
cost and easily available adsorbents materials to be used in
the treatment of wastewater containing organic compounds
such as dyes. Several low-cost adsorbents have been inves-
tigated for the removal of crystal violet, includingmodiﬁed,
TiO2-based nanosheet,[6] mesoporous aluminosilicates,[4]
kaolin,[7] and bentonite,[8] among others.
© 2014 Taylor & Francis
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The surface of siliceousmaterials contains acidic silanol
(among other surface groups) which causes a strong and
often irreversible nonspeciﬁc adsorption. The vitreous tuﬀ
is related with other siliceous volcanic rocks, these rocks
are named worldwide as volcanic glass and there are many
types of these like perlite and obsidian, whose origins and
physico-chemical characteristics are similar.[9] All these
have high silica content, usually greater than 70% and
are inexpensive and easily available in many countries.
The leading producers of perlite (crude, processed) among
Asian–European countries, for instance, are Greece, Japan,
Turkey, andHungary. About 70%of theworld’s known per-
lite reserves are present along Aegean Coast in Turkey.[10]
However, there are only a limited number of published
papers on the use of perlite in the literature and the major-
ity of these are about the use of expanded perlite-like
adsorbent material. According to Qiangshan et al. [11] the
expanded perlite is obtained by thermal treatment (800–
1100◦C) which makes to increase the porosity, decrease the
original density and the volume is expanded up to 5–15
times to the original perlite but this procedure requires high
temperature resulting in increased cost of production. In
contrast, there are diﬀerent deposits and manifestations of
vitreous tuﬀ located in countries that present volcanic ori-
gins, have diﬀerent surface properties and have not studied
to environmental applications.[12]
The vitreous tuﬀ’s main uses are directed to production
of construction materials such as puzzolans, cements and
concrete, soil improvement, laundry detergent, soil support
and ﬁlling material.[13] For these reasons, the vitreous tuﬀ
has a little economic value but based upon its physical and
chemical properties, it has high potentialities for treatment
of liquid and gaseous waste, drinking water treatment and
ﬁltering ofwater for human consumption.[14] Its use like an
adsorbent material would add major economic value, and
most importantly provide a potentially inexpensive alter-
native to the existing of an adsorbent material superior
to perlite according to surface properties and adsorption
capacity.
In this work, based on the evaluation of geological
and morphological characteristics of the adsorbent mate-
rial, we evaluate the process of removal of crystal violet
using vitreous tuﬀ, through sorption kinetics and isotherms
studies.
2. Experimental
2.1. Adsorbate
Crystal violet (C.I.: 42,555, λmax: 590 nm, molecular wt.:
408 g/mol, and molecular formula: C25H30N3Cl, 99%
purity) was purchased from Hycel, Mexico. Dye solution
was prepared by dissolving an appropriate amount of dye
in distilled water. The concentrations of the samples were
determined by using a standard calibration plot that showed
a linear variation up to 500mg/L concentration.
2.2. Adsorbent material
Thevitreous tuﬀ, obtained fromTheMagueyal deposit, San-
tiago de Cuba, Cuba, was milled and sieved. The grain size
used in this work was minor to 60mesh (0.25mm) and a
particle density of 0.61 g/cm3. The material was used with-
out any pretreatment for the removal of crystal violet from
aqueous solutions in a batch process.
2.3. Characterization
2.3.1. Scanning electron microscopy
Scanning electron microscopy (SEM) observations of the
vitreous tuﬀ samples, before and after crystal violet adsorp-
tion, were carried out in a JEOL JSM 6510 microscope. The
microanalysis was done with an energy X-ray dispersive
spectroscopy (EDS) system.
2.3.2. Chemical composition
The mineralogical composition of the sample was deter-
mined by inductively coupled plasma-atomic emission
spectrometry, using a Spectroﬂame FTMO8, Spectropho-
tometer.
2.3.3. IR spectroscopy
Infrared (IR) spectra in the 4000–400 cm−1 range with a
resolution of 4 cm−1 and 32 scans sweep were recorded for
the adsorbent, at room temperature, using a Bruker Tensor
27 FTIR attenuated total reﬂection (ATR). The sample did
not require previous preparation due to theATRattachment.
2.3.4. Speciﬁc surface area BET (SBET)
The textural properties evaluation was conducted using the
technique of nitrogen physisorption at 77K in a Quan-
tachrome Autosorb-1. The speciﬁc surface area was deter-
mined by the equation of Brunnauer–Emmet–Teller (BET).
The adsorption–desorption isotherms were obtained by
plotting the adsorbed volume of nitrogen under standard
conditions of temperature and pressure versus the relative
pressure P/P0 to determine the pore size and estimate the
shape of the pores according to the International Union Pure
Applied Chemistry (IUPAC) rules. The average pore diam-
eter was determined with the method of Barrett, Joyner and
Halenda and by the Kelvin equation.[15] The total pore
volume was obtained at 0.99 relative pressures. The sam-
ples were previously degassed at 200◦C for 3 h, in order to
remove water and CO2 from the environment which could
be occluded inside the pores, and subsequently analysed.
2.3.5. Zero charge point and concentrations of the
acid–base groups
The experiments were carried out with vitreous tuﬀ and
0.01M NaCl solutions, whose pH values were previously
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adjusted between 2 and 12, with intervals of 1 unit by
adding 0.1M HCl or NaOH solutions. After 24 h of con-
tact, the samples were centrifuged, decanted, and pH was
analysed in the ﬁnal liquid phases with a Conductronic pH
120 equipment.
Determination of concentrations of the vitreous tuﬀ
acid–base groups was done as follows: for the superﬁ-
cial basicity, samples of 200mg of vitreous tuﬀ were put
in contact with 25mL of 0.025M HCl solution, using
dark glass bottles, and shaken for 24 h at 120 rpm and
303K. After that, the samples were decanted and the
excess acid was titrated with 0.025M NaOH. The super-
ﬁcial acidity was obtained by a similar procedure, where
a 0.025M NaOH solution was put in contact with the
vitreous tuﬀ and the solution titration was performed
using 0.025M HCl. The experiments were done in dupli-
cate.
2.4. Adsorption kinetics
2.4.1. Water adsorption kinetics
This method was applied to measure the kinetic curves for
water adsorption on vitreous tuﬀ and to extract the appar-
ent and pore diﬀusivities of water. Adsorption kinetics of
water on vitreous tuﬀ was studied at 298K. To carry out
this experiment, the adsorbent (2 g) was placed in a vial,
dried at 373K for 8 h in a temperature-controlled oven,
cooled to room temperature in a desiccator, and weighed
to ±0.1mg on an analytical balance (Digital Sartorius
BS 124S). The sample was placed in a desiccator, into
which a porcelain capsule containing water (50mL) was
also placed. The water uptake was determined by weigh-
ing the beaker containing the adsorbent at diﬀerent times.
This system was used to determine the adsorbed amount
of water onto vitreous tuﬀ. The amount of adsorbed water
in a sample was calculated as a function of time.[16] The
experimental data were analysed using Origin version 8.0
software.
2.4.2. Crystal violet adsorption kinetics
Kinetic removal of crystal violet by the vitreous tuﬀ
was performed as follows: samples of 500mg of the
adsorbent and 25mL aliquots of 0–432mg/L solution
were placed in dark glass bottles and shaken at dif-
ferent times (4, 6, 8, 10, 20, 30, 40, 50, 60, 70, 80,
and 100min) at 120 rpm (settling velocity in aqueous
medium, ut = 1.17 cm/s and NRe = 10) and 303K. After
that, the samples were centrifuged and decanted. The
experiments were performed in duplicate. The crystal vio-
let dye concentrations in the solutions were determined
using a UV/Vis Perking Elmer Lambda 10 ultraviolet–
visible spectrophotometer analyzer, with λ = 590 nm. The
pH of each solution was measured before and after the
treatments.
2.5. Adsorption isotherms
About 500mg samples of vitreous tuﬀ were put in contact
with 25mL of crystal violet solutions of diﬀerent concen-
trations (432–2849mg/L) for 2 h, respectively, at 30◦C.
Crystal violet concentrations were determined in the liq-
uid phases as described above, and the pH was measured in
each solution.
3. Results and discussion
3.1. Characterization of the adsorbent
3.1.1. Geological characteristics
There are appreciable quantities of the mineral selected
in the region where it is located; the deposit has forecast
resources in the order of three million cubic metres. It is
constituted by glassy tuﬀ of half acid composition. From
the mineralogy point of view, it is made up of volcanic
glass (vitreous phase) between 70–85%, 10–15% mont-
morillonite, and 3–5% calcite. The vitreous tuﬀ horizon
is about 3–5m, these tuﬀs have beige-white colour, are
light, abrasive to the touch, massive, and porous. The use-
ful horizons are forming lithologically for vitroclastic tuﬀs,
litovitroclastics, cristalovitroclastics with the insertion of
calcareous tuﬀs, tuﬀaceous sandstones, and overlying pack-
ages of zeolitizeds tuﬀs. These rocks are part of Sabaneta
lithostratigraphic formation, from Palaeocene-lower (Dani-
ane top) to the Eocene-middle, Volcanic Island arc of the
Palaeocene of Cuba’ eastern.[13]
3.1.2. Scanning electron microscopy
SEM photographs in Figure 1(a) and 1(b) were taken
at 1000× magniﬁcation to observe the superﬁcial mor-
phology of vitreous tuﬀ before and after crystal violet
adsorption, respectively. Figure 1(a) showed a rough texture
material, with cavities of diﬀerent dimensions and shapes,
predominantly large and wide cavities, also with slits.
It is also observed that the presence of agglomerates
in the form of tubular and laminar crystals could be the
product of the transformation of amorphous material into
clinoptilolite and mordenite zeolites type. This morphology
of sedimentary characteristic is typical of clinoptilolite-rich
tuﬀs, which occurred as euhedral plates and laths, crystals
displaying characteristic monoclinic symmetry and many
are coﬃn-shaped and cubic-like crystals.[17] The genesis
of this type of occurrence is due to that volcanic glass is the
real precursor of zeolites. It is also known that the morden-
ite is associated in nature with the clinoptilolite mainly.[18]
In Cuba, the zeolitization predominates as regional phe-
nomenon, given the deposition environment of the rocks.
Furthermore, the zeolites reported in Cuba as product of
volcanic glass alteration of tuﬀs are mainly clinoptilolite
and mordenite, which are rich in SiO2.[12]
Vitreous tuﬀ saturated with crystal violet is shown in
Figure 1(b), the morphologies are similar to the original
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Figure 1. Scanning electron micrographs of vitreous tuﬀ 1000× (a) before 1000× and (b) after crystal violet adsorption.
Table 1. EDS analisys before and after crystal violet
(CV) adsorption on vitreous tuﬀ.
Weight percentage Weight percentage
Elements vitreous tuﬀ CV-vitreous tuﬀ
C – 25.08
O 44.7 39.16
Na 0.54 0.40
Mg 1.21 1.00
Ca 1.73 0.54
Si 38.57 24.82
K 2.18 1.14
Al 7.66 5.40
Fe 3.42 2.46
material and the dye was deposited on the surface on vit-
reous tuﬀ indicating slight rougher surface. The presence
of large cavities corresponding to mesopores suggests that
dye molecules can be embedded on the adsorbent surface.
It is probable that the crystal violet molecule penetrates and
interacts with surface groups of the mineral.[19]
The elemental composition of the vitreous tuﬀ, before
and after crystal violet, is presented in Table 1. The main
elements, such as Si, Al, and O, corresponding to alumi-
nosilicates were identiﬁed. The quantity of Ca and K in the
vitreous tuﬀ notably decreased when the samples were in
contact with the crystal violet solutions, which suggests that
Ca2+ and K+ play a role in the adsorption process. After
adsorption, carbon was found in the vitreous tuﬀ.
3.1.3. Chemical composition
Chemical analysis exhibits the multicomponent character
of mineral. The presence of SiO2 and Al2O3 in vitreous tuﬀ
constitutes almost 80% of the mineral composition, besides
iron and alkaline and alkaline-earth elements but to a lesser
extent. The chemical composition of vitreous tuﬀ is simi-
lar to mordenite and volcanic glass from Ají de la Caldera
deposits and similar to Palmarito del Cauto (ZPC) zeolitic
deposits, located just 6 km away in the same locality. The
horizon of ZPC zeolite consists of a cycle of sedimentation,
which is closed by the tuﬀs, composed almost of morden-
ite exclusively.[12] The approach is conﬁrmed by the fact
that the volcanic glass is a prezeolitic material, from which
under certain hydrothermal conditions the zeolites are form-
ing. The volcanic glass of Ají de la Caldera deposits is
located in another province of vitreous tuﬀ (Guantánamo),
both located in the eastern region of the country and it is
hoped that their geological origin could be very similar,
hence the similarity of their chemical composition.[20]
3.1.4. IR analysis
The IR spectrum of vitreous tuﬀ displays a number of
absorption peaks mainly composed of Si–O(H)–Si, Si–
O(H)–Al, Si–O–Si, and Si–O–Al groups, which is consis-
tent with the peaks in the 3000–3700 cm−1 region and a
peak at 3606 cm−1 attributed to hydroxyl groups of water
(O–H), coordinated to interlayer cations or as coordination
occurs with some cations on clay surfaces.[21] The band
near 1630 cm−1 is due to the water of crystallization bend-
ing vibration, and the band near 784 cm−1 corresponds to
-OH translation. The Si–O–Si stretching vibration appears
near 1010 cm−1 as a strong band. The absorption peaks at
514 and 422 cm−1 are associated with O–Si–O bends of
glassy volcanic rock.[22]
3.1.5. Surface area, BET (SBET ), and pore size
distribution
The adsorption–desorption nitrogen isotherm for the vitre-
ous tuﬀ is shown in Figure 2. Generally, the pore geometry
(shape) is a parameter that greatly aﬀects the shape of
adsorption isotherm as well as the presence or absence of
hysteresis loop. Hence, it is the important to identify the
type of isotherm for the vitreous tuﬀ material.
With respect to the isotherm, the IUPAC classiﬁes
it according to six types. Comparing the experimental
isotherm obtained with the typical forms published in the
literature,[23] it allows to conclude that this is of type IV
of the IUPAC classiﬁcation and that the shape of hysteresis
loop corresponds to a H3 type hysteresis. According to the
literature, theH1, H2, andH3 hysteresis types and the II and
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Figure 2. Adsorption–desorption of N2 on vitreous tuﬀ.
IV types of isotherms aremesoporous solids characteristics.
It was concluded that the vitreous tuﬀ is essentially meso-
porous according to the pores classiﬁcation established by
the IUPAC, associated generally with solids constituted by
aggregates or agglomerates of particles in the formof a sheet
or parallel plate with non-uniform size.[15] A similar result
was provided with nitrogen adsorption on silica spherules
and alumina spherules compacted at a series of pressures
and demonstrate the presence of mesopores brings about an
increase in adsorption.[24]
The shape and pores size, the material speciﬁc sur-
face area (Se), and the average size pore distribution in
the material were obtained from the experimental data
of adsorption–desorption isotherm. In applying the BET
model to the experimental data, the surface area of the vit-
reous tuﬀmaterial (Se = 64.40m2/g= 3.9 × 10−5 m2/m3)
was obtained.
The value of the speciﬁc surface area might seem small
compared with those of other adsorbents such as activated
carbon, but speciﬁcally for the vitreous tuﬀ was high. For
instance, Blanco et al. [25] obtained an activated carbon
from palm seed (Veitchia Merriillii) with a speciﬁc sur-
face value of 337m2/g. Wang and Zhu [26] modiﬁed a
commercial-activated carbon (Calgon, USA) by acid treat-
ment to remove crystal violet initiating with a speciﬁc
surface area of 972m2/g which, after treatment, increased
to 1015m2/g.However, the value of this parameter reported
for tuﬀ (volcanic glass) in Turkey was 1.22m2/g [27]
and the Cuban volcanic glass from Ají de la Caldera
deposits (VVAC) presented a value of 32m2/g.[12] The
vitreous tuﬀ Se value was 52 times higher compared with
the ﬁrst (Turkey) and twice higher than that of VVAC, so
comparatively the speciﬁc surface of vitreous tuﬀ is very
large.[10]
The total pore volume was 0.16 cm3/g, and the mean
pore diameter was 25Å. The average pore size distribu-
tion revealed mainly the presence of mesopores, but closely
to micropores, which agreed with the result obtained from
the interpretationof adsorption–desorption isothermand the
hysteresis loop. In this regard, the vitreous tuﬀ material pre-
sented lower porosity than VVAC; therefore, the speciﬁc
surface value was greater.
3.1.6. Zero charge point determination
The pHeq values for the sets of experiments with vitreous
tuﬀ-NaCl solution (ﬁgure not shown) showed a notorious
buﬀer eﬀect; for 6 < pHinitial < 9, pHeq = 7.1 ± 0.1. The
zero charge point of vitreous tuﬀ was determined when the
pHeq was equal or quite similar to the pHinitial.
The electrical charge at the oxide surface/aqueous phase
to protonation/deprotonation of the surface can be ascribed
as
−SOH + H+  SO H+2
−SOH + OH−  SO− + H2O.
And at isoelectric point
[−SO H+2 ] + H+ = [SO−].
The pHz indicates that at this point, there is no charge at the
surface, that is, the total positive charges are equal to the
total negative charges.[27]
Silber et al. [28] studied two samples of perlite, a glassy
volcanic rock with a chemical composition similar to vit-
reous tuﬀ (SiO2, 71–75%; Al2O3, 12–18%; K2O, 4–5%;
Na2O, 3–4%; CaO, 0.5–2%; and MgO, 0.1–0.5%), and
found pHeq = 3–8, in accord with previous reports, since
that perlite was negatively charged from dissociation of
hydroxyl groups, which is typical of oxides surfaces.
The total surface acidity and basicity of vitreous tuﬀ
were 164 and 140meq/g, respectively. Similar results
between acidity and basicity at vitreous tuﬀ could be
attributed to amphoteric character of surface active sites,
which may correspond to groups identiﬁed by IR tech-
niques. In general, there is a smaller increase in acid groups
than in basic groups on the surface of vitreous tuﬀ, which
provides a net positive charge. Furthermore, the pH of the
solution after adsorption decreased initial pH from 6.0–6.5
to 3.0–5.0. The pHs of the initial solutions are aﬀected in
the adsorption process by acid surface charge of the adsor-
bent. Between solution pH 3.0–5.0, dye is negative charged
(pKa = 1.0) and the surface is positive charge on the sur-
face of the adsorbent, could be increased crystal violet
adsorption on active site.
These results are also consistent with the work by
Monash and Pugazhenthi [4] who reported the crystal vio-
let removal using mesoporous aluminosilicates materials,
and found that the OH groups act as centres for adsorp-
tion through forming hydrogen bonds with the adsorbate
and could be divided into: isolated free silanol (–SiOH),
germinal-free silanol (–Si(OH)2), and vicinal or bridged or
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Figure 3. (a) Kinetics water adsorption on vitreous tuﬀ and (b) intraparticle-diﬀusion plots for water adsorption in vitreous tuﬀ. I Film
diﬀusion, II intraparticle diﬀusion, and III binding on active sites.
OH groups bound through the hydrogen bond, and these
groups are responsible of dye adsorption by the n–π inter-
action mechanism and electrostatic attraction between the
dye and the surface of the adsorbents. Therefore, the chem-
ical composition and the acid–base groups’ concentrations
of the adsorbents play an important role in the adsorption
of dyes.
3.2. Adsorption kinetic
3.2.1. Water adsorption kinetic
The adsorption kinetics, as expressed in terms of the rate of
uptake of solute (which governs the residence time), is one
of the important considerations for economical wastewater
treatment applications.[28] The water adsorption kinetics
of the vitreous tuﬀ sample is shown in Figure 3(a), the
equilibrium was 300min at 30–40% relative humidity. In
order to elucidate the adsorption mechanism and poten-
tial rate-controlling step, four kinetic models, including the
pseudo-ﬁrst-order, the pseudo-second-order, Elovich, and
the diﬀusion model were analysed.
The pseudo-ﬁrst-order model (Lagergren): In this
model, which is commonly used for homogeneous sorbents
and physical sorption, the sorption rate is proportional to the
solute concentration. If the sorption behaviour is pseudo-
ﬁrst-order, then the experimental results could be adjusted
to the following equation:
qt = qe(1 − eKLt), (1)
where qe and qt are the amounts of dye adsorbed (mg/g)
in the equilibrium and at time t (min), respectively, and KL
(min−1) is the adsorption constant of Lagergren.[29]
The second-order model (Elovich): This model has been
used suitably in chemisorptions on highly heterogeneous
materials [29] and is represented by the following equation:
qt = 1b (1 − abt), (2)
where qt is the amount of adsorbed dye at time t, a is the
sorption constant of the dye (mg/g), and b is the desorption
constant (mg/g). The equation considers that the sorption
sites have diﬀerent energies on the surface of the adsor-
bent, perhaps the experimental data could be adjusted to
this model for this reason.
The pseudo-second-order model: The pseudo-second-
order model is based on the assumption that the rate-
limiting step may be chemisorption, involving valence
forces through the sharing or exchange of electrons between
adsorbent and adsorbate.[29] Thismodel can be represented
in the following equation:
qt = q
2
ekt
1 + qekt , (3)
where qt and qe are the amounts adsorbed at time t
and at equilibrium (mg/g), respectively, and k is the
pseudo-second-order rate constant for the sorption process
(g/mg·min).
Diﬀusion model: The experimental data of dye adsorp-
tion were analysed assuming a three-step model: (1) exter-
nal mass transfer of dye ions from bulk solution to the
adsorbent particle surface, (2) intraparticle diﬀusion, and
(3) adsorption at internal sites. In general, step (3) is con-
sidered rapid compared with the ﬁrst two steps therefore
it cannot be said to be the rate-controlling step. Conse-
quently, the two rate-limiting steps considered are external
mass transfer and intraparticle diﬀusion. The rate of adsorp-
tion is usually determined by the change in concentration
of adsorbate with the adsorbent as a function of time [3]
and the amount adsorbed per unit weight of adsorbent (qt)
versus t0.5, respectively; the observed multilinearity in the
plots reveals the diﬀerent stages in adsorption.
The change in concentration of dye with respect to time
t = 0, Ce = 0 can be expressed by
−dC
dt
= ksS(Ct − Ce), (4)
where ks is the external mass transfer coeﬃcient (m/min),
and S is the surface area of the adsorbent per unit volume of
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the particle slurry (m2/m3). In our case, S was experimen-
tally determined by the BET surface area measurement.
The external mass transfer coeﬃcient ks was calculated
from the slope ofCt/C0 versus time t using the experimental
kinetic data for the ﬁrst initial rapid process (0–20min).[9]
The intraparticle-diﬀusion constant (internal surface and
pore diﬀusion) can be calculated by the following equation
[3]:
qt = kdt0.5 + C, (5)
where qt is the fraction dye uptake (mg/g) at time t, kd
(mg/g·min0.5) is the intraparticle-diﬀusion rate constant
determined from the slope of the plot qt versus t0.5, and
C is the intercept of the line (mg/g) which is propor-
tional to the boundary layer thickness. The contribution of
intraparticle-diﬀusion mechanism to the adsorption process
can be further investigated by calculation of the diﬀusion
coeﬃcient in the solid; Dw (m2/min), which is related to kd
by the relation [30]
kd =
(
12qe
dp
)(
Dw
π
)0.5
, (6)
where dp is the particle size diameter (m) and qe is
adsorption capacity at equilibrium.
Upon comparison among the kinetic models, the
pseudo-ﬁrst-order model yielded the best results for water,
this result indicates physisorption between the water
molecule and the surface of the adsorbent by hydrogen
bonding. Table 2 shows that acceptable adjustment of data
was also obtained by using the other two models (second-
order and pseudo-second-order), these models presented
slight deviations and correlation coeﬃcients were lower
than that obtained using the pseudo-ﬁrst-order equation
using the Origin 8.0 program.
Table 2. Kinetic parameters of the water and
crystal violet (CV) adsorption by vitreous tuﬀ.
Kinetics models H2O VC
Pseudo-ﬁrst-order
qt (mg/g) 316.12 82.06
KL (min−1) 0.004 1.08
R2 0.9907 0.9906
Pseudo-second-order
qt (mg/g) 477.25 83.47
K (g/mg · min) 6.15 · 10−6 0.04
R2 0.9883 0.9975
Second-order
a (mg/g) 1.5 2.2 · 1014
b (mg/g) 0.005 0.43
R2 0.9859 0.9977
Intraparticle diﬀusion
Kd (mg/g · min0.5) 19.01 0.53
C 87.76 78.8
R2 0.9939 0.696
Note: RSS, residual sum of square.
Since the models above mentioned cannot identify
a diﬀusion mechanism, the external mass transfer and
intraparticle-diﬀusion models were also tested to ﬁnd the
rate-controlling step. Figure 3(b) illustrates the diﬀusion
process for adsorption of water onto vitreous tuﬀ. It is
observed that there are three linear portions which eluci-
date the three adsorption stages: external mass transfer at
initial period followed by intraparticle diﬀusion and then
adsorption at internal sites onto vitreous tuﬀ. The slope
and R2 (0.9939) of the second linear portion suggest that
the intraparticle-diﬀusionmodel describes the adsorption of
water on vitreous tuﬀ better. However, the C intercept does
not pass through the origin; therefore, this indicates that
intraparticle diﬀusion is involved in the sorption process, it
is not the only rate-limiting mechanism and that some other
mechanisms can be involved. The diﬀusion coeﬃcient in
the solid (Dw)was 7.88 × 10−12 m2/min, the obtained value
in this study is lower than Streptomyces rimosus biomass
treated with NaOH (10−9 m2/s or 6 × 10−8 m2/min) for
water kinetic adsorption.[31]
The behaviour of water in the porousmaterials indicated
that water settles on the surface of a solid ﬁrst as a mono-
layer and with increasing moisture as multilayers. The ﬁrst
layer is hydrogen bonded to the surface of the solid and is
immobile. Additional layers can behave as a liquid moving
along the surface of the sample and even causing dissolu-
tion of the solid. Alternatively, Collins et al. [32] found that
the H2O surface concentrations, obtained from the plateau
data of individual kinetic adsorption isotherms at 43% and
51% relative humidity, show that a complete monolayer
is formed with negligible second-layer adsorption at the
above-mentioned relative humidity and at 85% relative
humidity. The initial rapid rise water adsorption continues
with only a slight change of curvature in the region that may
relate to a slowing down of the adsorption, suggesting the
possible presence of additional adsorbate structures or, per-
haps, simply a balance condition between adsorption and
desorption rates at this relative humidity. Also, it suggests
that when the silica surfaces are dried and then exposed
to water vapour, water molecules adsorb onto the surface,
presumably by direct interaction with the silanols through
hydrogen bonding. Other possibility is due to the presence
of various silanol type sites on the adsorbent surface inter-
acting with water molecules. Another option is related to
conﬁgurations feasible of interaction: (a) 1:1 attachment
of one H2O molecule on a single silanol group or (b) 1:2
attachment of one H2O molecule and two silanol groups.
Most of the relevant literature suggests that the initial H2O
adsorption takes place with a 1:2 stoichiometry.
3.2.2. Crystal violet adsorption kinetics
The experimental results showed in Figure 4(a) were ﬁtted
to pseudo-ﬁrst-order (Lagergren), second-order (Elovich)
and pseudo-second-order kinetic models, applying a non-
linear regression analysis. According to Figure 4(a), a rapid
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Figure 4. (a) Adsorption kinetics of crystal violet by vitreous tuﬀ and (b) comparison between the measured and modelled isotherms
proﬁles for the adsorption of crystal violet onto vitreous tuﬀ.
increase in the adsorption of crystal violet can be observed,
the equilibrium was reached in 20min, and the maximum
adsorption of crystal violet was 81mg/g; after 30min, the
adsorbed amount of crystal violet was constant, indicat-
ing that the equilibrium was reached. The equilibrium pH
decreased immediately to 3.2.
The values of constants of kinetic models obtained from
the plots for adsorption of crystal violet on to vitreous tuﬀ
are shown in Table 2. The data showed good agreement
with pseudo-ﬁrst-order, pseudo-second-order and Elovich
kinetic models (R2 > 0.9900). The best correlation for the
system provided by the second-order model (R2 > 0.9977)
suggests that chemical sorption involving valence forces
through sharing or exchange of electrons between the
adsorbent and adsorbate might be signiﬁcant.
The results of second-order model were observed and
found that the sorption constant: ‘a’ was 2.2 × 1014 times
higher than the desorption constant to crystal violet adsorp-
tion onto vitreous tuﬀ, this behaviour may indicate that the
dye is most stable in adsorbent and then chemical adsorp-
tion indicates that the adsorption process is irreversible. The
rate of adsorption of crystal violet on kaolin clay followed
the pseudo-second-order.[7]
In general, the adsorption process involves multistep,
mainly the external mass transfer followed by the intra-
particle diﬀusion (Figure 5). The external mass transfer
coeﬃcient ks, calculated fromEquation (6) for crystal violet
adsorption onto vitreous tuﬀ was 17.9m/min (R2 = 0.943)
(ﬁgure not shown). Meanwhile, the intraparticle-diﬀusion
coeﬃcient kd (Table 3) was calculated from the slope of
the corresponding linear region II of Figure 5. The value
of kd was 0.53mg/gmin0.5 and intercept was 78.80mg/g
(R2 = 0.693).
Intraparticle-diﬀusion model shows that Dw coeﬃcient
value is higher for water kinetic adsorption experiments
(7.88 × 10−12 m2/min) than for the crystal violet (5.55 ×
10−14 m2/min) indicating that water adsorbed faster than
crystal violet onto vitreous tuﬀ. This value is lower than
jute ﬁbre carbon (7.32 × 10−9 m2/min) for crystal violet
adsorption [33]; this was attributed to the size particle of
the present system.
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74
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80
82
84
80.61+-0.41*t0.5
78.80+0.53*t0.5
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g/g
)
t0.5 (min0.5)
68.58+4.05*t0.5I
II
III
Figure 5. Intraparticle-diﬀusion plots for crystal violet adsorp-
tion in vitreous tuﬀ.
Based on the obtained results from the analysis of the
diﬀusion kinetic adsorption data, it can be suggested that the
external mass transfer diﬀusion is the rate-controlling step.
The agitation speed, initial dye concentration, adsorbent
mass and particle size can be the important variables in
adsorption phenomena that inﬂuence the distribution of the
solute in the bulk solution and the formation of the external
boundary ﬁlm.[34]
Finally, the obtained results of all kinetic models can
also be used to determine the equilibrium time and the rate
of adsorption and can be used to develop predictive models
for column experiments.
3.3. Adsorption isotherms
The adsorption isotherm represents the relationship
between Sthe concentration of the solute in the adsorbent qe
(mg/g) and in the solution at equilibrium Ce (mg/L). The
experimental results were analysed by using the Langmuir,
Freundlich and Langmuir–Freundlich adsorption models in
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Table 3. Adsorption isotherm parameters of crystal violet by vitreous tuﬀ.
Adsorption isotherms
Langmuir Freundlich Langmuir–Freundlich
qmax (mg/g) b (L/mg) R2 KF (mg/L) 1/n R2 K (mg/g) a (L/mg) 1/n R2
174.01 0.89 0.9433 78.66 0.35 0.9528 103.79 0.31 0.66 0.9434
order to determine the correlation between solid phase and
aqueous concentrations at equilibrium.
The Langmuir adsorption isotherm is
qe = qmaxbCe1 + bCe , (7)
where qe is the amount of dye adsorbed per unit weight of
adsorbent (mg/g), qmax is the amount of dye adsorbed per
unit weight of adsorbent in forming a complete monolayer
on the surface (mg/g), Ce is the concentration of the dye
in the solution at equilibrium (mg/L), and b is the constant
related to the energy or net enthalpy of adsorption.[29] Fun-
damental characteristics of the Langmuir isotherm can be
expressed by dimensionless separation factor, RL, deﬁned
by
RL = 11 + bC0 , (8)
where C0 (mg/L) is the highest initial concentration of
adsorbate and b (L/mg) is the Langmuir constant. The
RL parameter indicates the shape of the isotherm as fol-
lows: RL > 1, unfavourable; RL = 1, linear; 0 < RL < 1,
favourable; and RL = 0, irreversible.[2]
The Freundlich equation is:
The mathematical representation of this model is
qe = KFC1/ne , (9)
where qe is the amount of dye adsorbed per unit weight of
adsorbent (mg/g),Ce is the equilibrium concentration of the
dye in the solution (mg/L), KF is the equilibrium constant
indicative of adsorption capacity, and n is the adsorption
equilibrium constant whose reciprocal is indicative of the
heterogeneity of surface sorbent.
Thismodel assumes surface heterogeneity and exponen-
tial distribution of active sites and provides an empirical
relationship between the adsorption capacity and equilib-
rium constant of the adsorbent.[29]
The Langmuir–Freundlich equation is: This model is a
combination of both Langmuir and Freundlich models and
it can be expressed by the following equation [29]:
qe = KC
1/n
e
(1 + aC1/ne )
, (10)
where qe is the amount of crystal violet per unit weight of
adsorbent (mg/g), Ce is the equilibrium concentration of
dye in solution (mg/L), and K and a are empirical con-
stants. The model parameters were evaluated using Origin
8.0 software.
The results are shown in Table 3 and the modelled
isotherms are plotted in Figure 4(b).
The maximum adsorption capacity obtained from
the Langmuir isotherm was 174.01mg/g (R2 = 0.9433)
although the correlation was good, it was not the best using
this model. The dimensionless separation factor, RL value
for the adsorption of crystal violet onto vitreous tuﬀ was
3.4 × 10−4, indicating that the adsorption was a favourable
process.
From both, Figure 4(b) and the regression coeﬃcients
(Table 3) it is found that the ﬁt is better with the Freundlich
than with the Langmuir and Langmuir–Freundlich models.
According to the nature of adsorbent, it is better to
apply the Freundlich model to the results than the Langmuir
model because it is a heterogeneousmaterial. Therefore, the
adsorption of crystal violet onto vitreous tuﬀ occurred in a
heterogeneous surface, the magnitude of 1/n gives a mea-
sure of the favouring of adsorption. The values of 1/n less
than 1 represent a favourable adsorption. For the present
study, the value of 1/n also exhibited the same trend, repre-
senting a beneﬁcial adsorption. The Langmuir–Freundlich
model isothermgave similar correlations than the Langmuir
model.
3.4. Adsorption mechanism
Considering that the kinetic results obtained with the vitre-
ous tuﬀ were best ﬁtted to the second-order model and the
isotherms to the Freundlich model, it can be suggested that
the adsorption mechanism of the dye is chemisorption on a
heterogeneous material.
Taking into account the results of total surface acidity
and basicity, the major acidity of the surface makes more
probable the adsorption of a basics dye, such as crystal vio-
let. The interaction of themolecules of crystal violet and the
vitreous tuﬀ surface canoccur between the free-electronpair
of the oxygen of the surface group and the delocalized π
electrons present in the aromatic rings of the dye molecule,
as depicted in Figure 6.
The crystal violet molecule can produce the resonance
and the n–π interaction of the dye has an important eﬀect
on the sorption of crystal violet on the vitreous tuﬀ.[4]
Another possible interaction mechanism of the dye with the
vitreous tuﬀ is that pH of the dye solution is an important
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Figure 6. Adsorption mechanism of crystal violet on vitreous tuﬀ.
parameter that controls the adsorption process, after adsorp-
tion the pH diminished (acid medium). Trgo and Periæ
[35] showed that the amphoteric nature of hydroxyl sur-
face groups [= (Al/Si)–OH] can lead to the formation of
sites with diﬀerent energies, such that this mechanical eﬀect
increases the number of possible adsorption locations.
3.5. Designing batch adsorption from isotherm data
The eﬀect of volume of solution to the adsorbent mass ratio
(V/M) on the dye adsorption process at diﬀerent initial con-
centrations is an important factor to be considered in the
adsorber design.[36] In this case, V/M ratios have been
obtained using the experimental isotherm data of crystal
violet on vitreous tuﬀ.
Adsorption isotherms can be used to predict the design
of single-stage batch adsorption systems, in this case the
eﬄuent contains a volume ﬁxed (L) of water with an initial
crystal violet concentration (C0 = 432mg/L), which is to
be reduced to Cf (mg/L) in the adsorption process to obtain
a 90% of dye removal. In the treatment stage Ls gram of
Vitreous tuﬀ is added to solution and the dye concentra-
tion on the solid change from Q0 = 0mg/g (initially) to Qe
(mg/g). Throughmass balance we can calculate the amount
of dose need for the required percentage removal of dye
from aqueous solution for any initial dye concentration.[36]
In the case of adsorption of crystal violet on vitreous
tuﬀ, the Freundlich isotherm gave the best ﬁt to experi-
mental data. The Freundlich equation (9) was used for Qe
calculation to obtain the amount of adsorbent need use to
removal diﬀerent dye removal percentage.
Figure 7 shows the required amount of vitreous tuﬀ to
reduce the crystal violet concentration in aqueous solu-
tion by 40%, 60%, 80%, and 90% at various volumes of
eﬄuents. In the case of a single-stage batch adsorption sys-
tem, the design procedure is now outlined. For example, to
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Figure 7. Adsorbent mass (m) against volume of eﬄuent (V )
treated for various percentages of dye removal at 432mg/g initial
crystal violet concentration.
Table 4. Comparisons of vitreous tuﬀ adsorption capacity to
crystal violet with other adsorbent materials.
Adsorbent qmax (mg/g) Reference
Sulphuric acid-activated
carbons from male ﬂowers of
coconut tree
85.84 [38]
Palygorskite 50.76 [39]
Palm kernel ﬁbre 78.9 [40]
Laminaria japonica (brown
algae)
66.64 [6]
Untreated rice bran 41.68 [6]
Wheat bran 69.15 [6]
Vitreous tuﬀ 174.01 This work
remove 40%of dye in 10 L the amount of adsorbent required
is four times lesser than obtain a 90% of dye removal in the
same volume.
Assuming the batch adsorption to be a single-staged
equilibriumoperation, the separation process can be deﬁned
mathematically using the mass balance and the Freundlich
equation to estimate the amount of adsorbent required to
decrease the dye concentration in aqueous solution.[37]
3.6. Comparison between the adsorption capacities for
some adsorbents materials
Table 4 shows the adsorption capacities for crystal vio-
let using diﬀerent adsorbents; it is diﬃcult to compare the
results of thisworkwith those from the literature because the
adsorption capacities were determined in diﬀerent exper-
imental conditions, depending on the dye concentration,
chemical composition of adsorbent, etc. The adsorbent used
in this study shows relatively good adsorption capacities
compared with other adsorbent materials.
Alternatively, some studies have reported dye removal
using similar tuﬀ minerals such as zeolitic tuﬀ. Gutierrez-
Segura et al. [41] reported an adsorption capacity of
32.83mg/g for indigo carmine removal in aqueous solution
when the material was modiﬁed with iron metal.
4. Conclusions
Eﬃcient removal of crystal violet from aqueous solution
with a vitreous tuﬀ from Magueyal deposit located in the
eastern region of Cuba was achieved. Vitreous tuﬀ is a
mesoporous material with surface area relatively large for
these types of amorphous materials. The kinetic model that
best described the process was the pseudo-second-order
model indicating that the possible removal mechanism
was chemisorption on a material with a very rough sur-
face. The experimental results of the sorption process were
described by the Freundilch model, the adsorption capac-
ity was 174.01mg/g, and the ﬁxation of dye molecule
was through the chemical-sorption process. The design of
single-stage adsorber allows predicting the behaviour of the
system for possible scale-up; the adsorption capacity was
higher than other conventional adsorbent materials.
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